In memoriam
Introduction
Several years ago we described a high yielding synthesis of cyclopentane derivatives 4a bearing a benzylic quaternary center and substituted on the adjacent carbon by a methyl group, from benzylselenide 1a bearing a CC double bond four carbons away from the benzylic carbon. 1, 2 It involved the intermediate formation of the related benzyllithium, its exo-trig addition 3 across the built-in CC double bond, and protonation of the resulting cyclopentylmethyllithiums 3a (Scheme 1, entries a,b). Interestingly, we found that this carbocyclization reaction occurs with high stereocontrol that depends upon the solvent and the temperature used. 1 It leads to the stereoisomer rac-4a' in which the phenyl group and methyl group on the adjacent carbons are cis when the reaction is carried out in pentane or diethyl etherhexanes between -20 and 20 °C and to rac-4a" in which the same substituents are trans when the reaction is instead carried out in THF-hexanes at -78 °C.
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Figure 1
Surprisingly, although a great many experiments have been carried out on a wide variety of starting materials [5] [6] [7] [8] [9] involving charged and uncharged nucleophiles, different families of leaving groups and experimental conditions that include metal-catalyzed processes, 11, 12 over a long period, only rare systematic
Interpretation of the results
We show in Schemes 5, for each product formed, even the minor ones, the conformation of the related "transition state" and the "mode" (syn-mode or anti-mode) implied in each of their formations. It leads us, by including also the results shown in Scheme 4, to propose the following observations to rationalize the stereochemistry of the products obtained from those reactions.
(i) Reactions carried out in ether-hexane, involve the syn-mode, suggesting that a compact transition state is favored, in which the lithium cation is tightly linked to the benzylic carbon and coordinated by a lone pair of the alkoxy group, as well as to the π bond of the CC double bond of the allyl ether, 2, 4 and those of the aromatic ring 26, 27 (Schemes 4, 5, entries a,c).
(ii) Reactions carried out in THF-hexanes involve the anti-mode, suggesting that the intramolecular interactions discussed above no longer exist due to the selective complexation of the "lithium cation" by the lone pairs of the oxygen atoms of the more basic THF. This favors an "extended conformation" in which the complexed benzyllithium could initiate the S N ' reaction via a back-side attack, avoiding as much as possible the unfavorable steric interactions (Scheme 4,5, entries b,d). (iii) The formation in high yields of the major stereoisomers (4c E1, 4c E2, 4c E3 and 4c E4 ) in reactions carried out at low temperature reported in Scheme 4, implies that each pair of epimeric unsaturated benzyllithiums 2c Z (2c ZS +2c ZR ) and 2c E (2c ZS +2c ZR ) generated from the corresponding benzylselenides 1c Z (1c ZS +1c ZR ) and 1c E (1c ES +1c ER ), epimerizes prior cyclisation to the major stereoisomers leading to 4c E1, 4c E2, 4c E3 and 4c E4 listed in Scheme 4 and the remainder cyclizes to the minor stereoisomers 4c E3 , 4c Z1 , and 4c E1 . The routes shown in Scheme 6 exemplify the role of the temperature on the equilibrium involved for example when the epimeric mixture of intermediates 2c ES and 2c ER are generated from 1c Z (1c ZS +1c ZR ) and s-butyllithium in ether-hexane at -78 °C and 0 °C, delivering various amounts of 4c E3 and 4c Z1 .
Scheme 6

Structure determinations
We have not been able to separate effectively the major stereoisomers of the cyclized products 4c in all experiments involving 1c Z and 1c E shown in Schemes 4 and 5 (entries a-d) and therefore we have not been able to determine directly their ratios and consequently their structures. We have nevertheless been able to do so by combining different techniques, taking into account: (1) that each of the four stereoisomeric (2-methyl-2-phenylcyclopentyl)methanols 11 (Scheme 7, Table 1 , entry b) readily accessible, in a single pot process by sequential ozonolysis of the crude mixtures of 4c followed by in situ reduction of the resulting ozonides with sodium borohydride, 28 has been easily separated by HPLC using a "chiral column" allowing the determination of their relative ratio in each experiment, 29 and (2) 
Synthetic significance of the results
We have reported above the synthesis of each of the four stereoisomers of the cyclopentane derivatives 4c E bearing a phenyl-substituted quaternary carbon next to a tertiary carbon bearing a E-propenyl side chain, by cyclization that produces a new bond between those two carbon atoms with unusually high stereocontrol. Those are versatile precursors of: (a) The whole series of scalemic 1-phenyl-1-methyl-2-propenyl-cyclopentanes 4c Z possessing instead Zpropenyl moiety that cannot be obtained by carbocyclization of 1c (Scheme 4). It would involve their sequential ozonolysis to the corresponding aldehydes 14 using ozone/dimethyl sulfide 33 followed by Zstereoselective Wittig reaction using the Schlosser conditions involving ethylidenetriphenylphosphorane in DMSO 34 (Scheme 8, entry a).
(b) 1-methyl-1-phenyl-2-vinyl-cyclopentanes 4b, previously available as racemates from 2-phenyl-2-selenomethyl-7-octene 1b (Scheme 1, entries c,d), that can be generated by a similar method as reported in the previous paragraph (Scheme 8, entry b) but instead involving methylene triphenylphosphorane.
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Scheme 8
(c) Scalemic 1,2-dimethyl-1-phenyl-cyclopentanes 4a available as racemates from 2-phenyl-2-selenomethyl-7-octene 1b (Scheme 1, entries a,b) 1,2 that can be readily synthesized starting from the related cyclopentylmethanols 11 as outlined in Scheme 9 by reductive ozonolysis 28 of 4c E followed by sulfanylation of their hydroxyl group and reduction of the resulting sulfonates by lithium triethylborohydride (Scheme 9). 36 This set of reactions has been carried out at an early stage of our research on a racemic mixture of 4a E1 +4a E3 as well as on a racemic mixture of 4a E2 +4a E4 obtained from rac-1c Z in ether-hexanes and THF-hexanes to determine their relative stereochemistry.
Scheme 9
Finally, each of the enantiomers of 1-methyl-1-methyl-2-vinyl cyclopentanes 4c E whose structures are disclosed in Scheme 4 can be produced on reaction of butyllithiums either in ether-hexanes or THF-hexanes from the different pairs of stereoisomeric benzyl selenides 1c whose structures are shown in Scheme 10, and possessing the following characteristics:
 the same (R)-stereochemistry at the allylic 8-positions and either a Z-or a E-CC double bond (Scheme 10, upper left),  the same (S)-stereochemistry at the 8-allylic positions and a double bond possessing either a Z or a Estereochemistry (Scheme 10, upper right),  the same (Z)-stereochemistry of their CC double bonds and either an (R)-or (S)-stereochemistry at the 8-allylic position (Scheme 10, lower left)  the same (E)-stereochemistry of the CC double bonds and either an (R)-or (S)-stereochemistry at the 8-allylic position (Scheme 10, lower right).
Scheme 10
Contextualization of the results
Although the allylic substitution reaction (S N ') has been the subject of extensive work 2, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] since the seminal discoveries of Winstein 37 and Stork, 14, 15 it still lacks proper models to predict with confidence the outcome of any reaction belonging to that field or to suggest conditions that could allow the synthesis of any specific stereoisomer of a given substance through an S N ' reaction. 13 The intramolecular version the S CN ', 18 to which this work belongs, offers the advantage to avoid competing direct substitution reactions (S N ) that are usually observed. It leads to cyclic compounds, including alkenyl substituted five-membered heterocycles (Scheme 11) 11, 17 and carbocycles (Scheme 12, 13) 6, 18, [38] [39] [40] whose stereochemistry at the carbon on the cycle bearing the alkenyl group as well as of CC double bond offer precious indications about the mechanism of the reaction.
We first provide a brief historical background to the S N ' reaction that will allow inclusion of our work into a wider perspective.
Winstein 37 and Stork 14, 15 very early recognized that the S N ' reactions could take place stereoselectively with the incoming nucleophile and the departing group lying on the same side (syn-mode) or the opposite side (anti-mode) ( Figure 1 ). Stork described the first syn-S N ' reaction 14, 15 and twenty-four years later the first anti-S N ' reaction. 16 Since the original paper from Stork, there has been considerable discussion as to whether concerted S N ' reactions ever occur 9 and this concept has been even described in early times as "unreasonable" or "abhorrent". 9, 17, 41 It has then been concluded, as the result of theoretical calculations from the most influent theoretical chemists of that time, that the S N ' reaction can only proceed through the syn-mode (Figure 1 ). [5] [6] [7] [8] [9] [10] Those assessments proved to be incorrect, after the experimental results reported later by Stork. 16, 17 Most of the reactions so far described did indeed involve the syn-mode [5] [6] [7] [8] [9] [10] and generate compounds bearing usually E-CC double bonds, 5-10 unless it is part of a medium ring. Although products possessing the Zstereochemistry have been from time to time described, often as side products, 6, 12, 16, 17, 38 they usually proceed through the syn-mode. It has been reported that (i) "Experience suggests that soft nucleophiles give syn-stereochemistry and hard nucleophiles anti", 8, 9, 17 (ii) "Theory suggests 9 that the syn-mode is involved for neutral nucleophiles while anionic nucleophiles approach from the anti-direction" 8, 9 and (iii) "Evidence is meager and contradictory….
and …. small variations produce strikingly variable results".
8,9
Our experimental results clearly contradict those statements. We agree with the view of Overton 42 who
wrote "It becomes apparent that, contrary to the long-held view that S N ' reactions proceed with synstereochemistry, the whole spectrum spanned by the syn-and anti-extremes is to be expected depending, in any particular case, on the nature of the displacing and displaced groups, counter ions, and solvent"; we propose to add "temperature". In fact, the difficulties encountered in rationalizing the results published are due to the large number of parameters that play a crucial role in the process and the widespread differences between the examples that have to be compared. Those, inter alia, involve: (i) the nature of the leaving group, (ii) the stereochemistry of the CC double bond, (iii) the nature, hardness of the nucleophilic atom, and nature of the counter ion for charged nucleophiles, (iv) the nature of the solvent and conformational bias resulting from the presence of the CC double bond in a cycle [5] [6] [7] [8] [9] either on the starting material or on the product and last but not least steric effects. 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] [37] [38] [39] [40] [41] [42] We have gathered in Schemes 11-16 some typical reactions, that have appeared in the literature over the last 40 years. [5] [6] [7] [8] [9] They all involve as starting materials unsaturated straight-chain organometallics that produce five-membered rings 6 6 ).
Scheme 14
Scheme 15
Scheme 16
As general trends, the reactions reported in Schemes 11-16 produce compounds in which the fivemembered ring 6, 11, 17, 18, 38, 39 is substituted by a E-CC double bond and only rarely by a Z-CC double bond (Scheme 12, 7 Scheme 13, 38 Scheme 16, entry b 6 ).
Most of the cyclization reactions take place through the syn-mode except those disclosed in Scheme 11, 17 Scheme 12 7 and Scheme 14 18 that involve instead the anti-mode.
One striking difference between our work and that already published is the narrow window on which we have made systematic variations (stereoisomers, solvents of same kind, temperatures) as compared to the widespread data on which correlations have been made previously (very different types of starting material, especially nucleophilic entities and leaving groups, have been studied, using a wide variety of solvents and temperatures).
As general trends, S N ' reactions that involve a metal cation [5] [6] [7] [8] or eventually a proton, 43 favor, as in our case, highly structured transition states involving chelation by atoms bearing lone pairs and π-bonds leading to the syn-mode. However this organization can be prevented when the reactions are performed in polar solvents, at high temperature or in cases of unfavorable steric interactions [5] [6] [7] [8] favoring thus the anti-mode.
We did not find experimental proofs confirming the assessment of Stille 38 that the reactions disclosed in (24, Scheme 14) that disfavor the chelated preorganization leading to the syn-mode.
The case of α-alkoxyalkenyl lithiums 30a E and 30b E (Scheme 16) 6 attracted our attention since it shares some similarity with that of α-phenyl alkenyllithiums 2 E we have disclosed in Schemes 4 and 5 (entry c). They all bear a CC double bonds possessing the E-stereochemistry and a quaternary carbanionic center to which are attached groups (alkoxy and phenyl respectively) able to coordinate the lithium cation. They both deliver, through a syn-mode, cyclopentane derivatives in which those groups are cis to the pending CC double bonds (31a E , 31b z , 4c E3 , 4c Z1 ), and last but not least whereas one of the organolithium epimers delivers cyclopentane derivatives possessing E-CC double bonds through the syn-E-mode (31a E , Scheme 16, entry a; 4c E3 , Scheme 6, entry a) the other unusually produce mainly its stereoisomers possessing Z-CC double bonds (31b z , Scheme 16, entry b; 4c Z1 , Scheme 6, entry b) through the syn-Z-mode. There are however striking differences, since (i) α-alkoxyalkenyl lithiums 30a E and 30b E are expected to be configurationally stable, 6, 44 whereas benzyl lithiums such 2c E7 and 2c E3 have been found to interconvert already at -78 °C. 19, 20 This did not prove to be a problem because the latter have been found to adapt to the experimental conditions; (ii) although correlations about the outcome of the two types of reaction disclosed above fit very well (compare Schemes 4,5; entries c with Scheme 16, syn-mode in each case), they have been carried out in different solvents (THF for α-alkoxyalkenyl lithiums 30 E and ether for α-phenylalkenyl lithiums 2 E ) that have been found, at least for α-phenylalkenyl lithiums (compare Schemes 4,5; entries c with entries d), to lead to very different stereochemical outcome: syn-mode in ether, anti-mode in THF! We assume therefore that THF does not affect the ability of the alkoxy-group attached to the carbanionic center of 30 E to complex the "lithium cation" that leads to the compact transition state required for the syn-mode, whereas it destroys the weaker complexation of the same cation by the electron cloud of the phenyl ring 1,2,4,26,27 in α-phenylalkenyl lithiums 2 E that is only observed when the less basic ether is instead used.
Synthesis of the starting materials The multistep syntheses of two isomeric Z-and E-[(8S)-8-(benzyloxy)-2-phenylnon-6-en-2-yl](methyl)selane
1c Z and 1c E , reported in Scheme 17 and Scheme 18 respectively, follows the retrosynthetic analysis shown in Scheme 3. Each of them was carried out from the commercially available (S)-3-but-3-yn-2-ol 5 21 and involve in each case protection of its hydroxyl group that allow the stepwise alkylation of their terminal acetylenic carbon and at the last stage the introduction of a benzylseleno moiety through the corresponding α-selenobenzyl lithium 32.
1,2,25
The synthesis of the Z-stereoisomer 1c Z involves the shortest of the two routes (Scheme 17) that uses the benzyl protected propargylic alcohol 33 its metalation by n-butyllithium in THF-hexanes at -78 °C and subsequent alkylation of the resulting acetylide by 1-bromo-3-chloropropane that takes place selectively on the carbon bearing the bromine atom, finally leading to 6 in 75 % yield. Catalytic dihydrogenation of 6 generates 7 Z in 85 % yield possessing a Z-CC double bond was achieved using Lindlar catalyst 22 in the presence of quinoleine to avoid over reduction and the formation of the target compound 1c Z has been achieved in 90 % yield by reacting the chloride 7 Z with 1-phenyl-1-methylseleno-ethyllithium 32.
Scheme 17
The synthesis of the E-stereoisomer 1c E (Scheme 18) is lengthier due to the exchange of the original tertbutyl dimethylsilyl protecting group that is required to allow the metalation/alkylation process leading to 35 but needs to be removed to offer one hand to carry the stepwise introduction of the two hydrogens in a transrelationship on the CC double bond using RedAl 23 followed by the hydrolysis of the resulting aluminum alcoholate leading to 9 E . An orthogonal deprotection/protection was required to avoid inadequate deprotection of the THP group and to promote the requested benzylation of the allyl alcohol moiety leading to 36 E . Selective deprotection of the THP group leaving untouched the benzyloxy ether was achieved by acid catalyzed methanolysis leading to the alcohol 37 E that on reaction with carbon tetrabromide/triphenylphosphine reagent 46 leads to the Eunsaturated bromide 10 E pendant of Z-unsaturated chloride 7 E whose reaction with 1-phenyl-1-(methylseleno)ethyl lithium 32 1,2,25 provides stereoselectively 1c E .
Scheme 18
Conclusions
The results reported not only allow the stereodirected synthesis of a large variety of phenylcyclopentane derivatives but also provide coherent experimental data about the stereochemical outcome of a specific S N ' reaction that gathers crucial information about the effect of different structural features on the stereochemistry of the products. We expect that further work can provide crucial contextual information by changing sequentially the metal (Na, Mg, K, or Cu,..), the leaving group at the allylic carbon (metal alkoxides, alkoxy group, sulfonates or halides,..), the substitution at the benzylic carbon (H, alkyl-, alkoxy-, thioalkyl-, or selenoalkyl-groups) or on the CC double bond (alkyl groups at C-6, C-7; OC*H-OR or 2H at C-8)] and experimental variations (solvents, additive, temperature). This process could also be extended to the stereoselective synthesis of a large variety of arylcycloalkanes involving the concomitant formation of three, 45 six and even higher membered rings as well as scalemic allenes from starting material bearing a propargyl ether 45 instead of an allyl ether moiety. 4 They could then serve as a model to predict with confidence the stereochemical outcome of any S N ' reactions.
Experimental Section
General. (i) Thin layer chromatography (TLC) was conducted on pre-coated aluminum sheets with 0.20 mm Machevery-Nagel Alugram SIL G/UV254 with fluorescent indicator UV254. Column chromatography was carried out using Merck Gerduran silica gel 60 (particle size 63-200 m) (ii) 4 (CCDC 923102) (vii) Chemicals were purchased from Sigma Aldrich, Acros Organics, TCI and ABCR and were used as received. Solvents were purchased from Sigma Aldrich, while deuterated solvents from Eurisotop. Diethyl ether and THF were distilled from sodium-benzophenone-cetyl, toluene was refluxed over calcium hydride and dichloromethane (CH 2 Cl 2 ) was refluxed over phosphorus pentoxide. Anhydrous DMF was purchased from Acros Organics. Hydrochloric acid (HCl 32%) was purchased from Fischer Scientific. MeOH and CHCl 3 were purchased as reagent-grade and used without further purification (viii) Low temperature baths were prepared using different solvent mixtures depending on the desired temperature: -78°C with acetone/dry ice, -40 °C with CH 3 CN/liquid N 2 , -10 °C with ice-H 2 O/NaCl, and 0 °C with ice/H 2 O. Anhydrous conditions were achieved by drying 2-neck flasks by flaming with a heat gun under vacuum and then purging with argon. The inert atmosphere was maintained using argon-filled balloons equipped with a syringe and needle that was used to penetrate the silicon stoppers used to close the flasks' necks. Additions of liquid reagents were performed using dried plastic or glass syringes.
A. Cyclization of [(8S)-8-(benzyloxy)-2-phenylnon-6-en-2-yl](methyl)selanes (1c E and 1c Z ) Reaction of 1b Z with n-BuLi in THF at -78 °C (General procedure 1). To a flask containing [(8S,Z)-8-(benzyloxy)-
2-phenylnon-6-en-2-yl](methyl)selane (1c Z , 200 mg, 0.5 mmol) in dry THF (5 mL) was added dropwise at -78 °C a solution of n-BuLi (1.6 M in hexanes, 0.31 mL, 0.5 mmol) and the reaction mixture was stirred for 2 h at -78 °C. MeOH (1 mL) was added at the same temperature, the reaction mixture was warm to 23 °C, diluted with Et 2 O (60 mL) and washed with H 2 O (5 mL) and brine (5 mL). The organic layer was dried over MgSO 4 , filtered and the solvents removed under reduced pressure. The crude product was purified by column chromatography (pentane) to give a mixture of 4b E2 and 4b E3 (65 mg, 65% yield) in a 94/6 ratio. 3H) . -2-phenylcyclopentyl)methyl (1S,4R)-4,7,7-trimethyl-3-oxo-2-oxabicyclo[2.2.1 (33) . To a flask containing a suspension of NaH (60% dispersion in oil, 364 mg, 9.1 mmol) and a catalytic amount of Bu 4 NI (130 mg, 0.35 mmol) in dry THF (14 mL) was added dropwise a solution of (S)-but-3-yn-2-ol (5, 490 mg, 7 mmol) in dry THF (2 mL) and the mixture was stirred for 45 min. BnBr (2.63 g, 1.8 mL, 15.4 mmol) was added dropwise and the reaction mixture stirred for 20 h (formation of a white precipitate after 1 h). The reaction mixture was diluted with saturated aqueous NH 4 Cl (10 mL) and extracted with pentane (3 × 25 mL). The combined organic extracts were washed with brine (5 mL), dried over MgSO 4 , filtered and the solvents removed under reduced pressure. The crude product was purified by column chromatography (pentane:Et 2 O 99:1 to 95:5) to give 33 (960 mg, 86% yield). Spectral data for 33 match those previously reported.
B. Synthesis of (2-methyl-2-phenylcyclopentyl)methanol (11) Synthesis of [(1S,2S)-2-methyl-2-phenylcyclopentyl]methanol (11 1 ) (General procedure 3). To a flask containing {(1S,2R)-1-methyl-2-[(E)-prop-
C. Synthesis of (2-methyl
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(S)-{[(7-Chlorohept-3-yn-2-yl)oxy]methyl}benzene (6) . To a flask containing (S)-[(but-3-yn-2-yloxy)methyl]-benzene 33 (960 mg, 6 mmol) in dry THF (10 mL) was added dropwise at -78 °C a solution of n-BuLi (1.6 M in hexanes, 4.12 mL, 6.6 mmol) and the mixture was stirred for 15 min. A solution of 1-bromo-3-chloropropane (1.04 g, 6.6 mmol) in dry THF (3 mL) was added dropwise and the reaction mixture was heated at 65 °C and stirred for 24 h. After cooling, the reaction mixture was diluted with H 2 O (10 mL) and extracted with Et 2 O (3 × 35 mL). The combined organic extracts were washed with H 2 O (10 mL) and brine (10 mL), dried over (34) . To a flask containing (S)-but-3-yn-2-ol (5, 1.40 g, 20 mmol) in dry CH 2 Cl 2 (16 mL) was added at 0 °C imidazole (1.50 g, 22 mmol) and the mixture was stirred for 10 min. TBDMSCl (3.01 g, 20 mmol) was added and the reaction mixture was stirred at 0 °C for 15 min and then at 23 °C for 3 h (formation of a white precipitate after 1 h). The reaction mixture was diluted with H 2 O (10 mL) and extracted with pentane (3 × 30 mL). The combined organic extracts were dried over MgSO 4 , filtered and the solvents removed under reduced pressure. The crude product was purified by column chromatography (pentane) to give 34 (2.70 g, 73% yield). Spectral data for 34 match those previously reported. (35) . To a flask containing (S)-(but-3-yn-2-yloxy)(tert-butyl)dimethylsilane 34 (2.21 g, 12 mmol) in dry THF (40 mL) was added dropwise at -30 °C a solution of n-BuLi (1.6 M in hexanes, 7.5 mL, 12 mmol) and the mixture was stirred for 30 min. The reaction mixture was cooled to -78 °C, dry HMPA (5 mL) was added and the solution stirred for 15 min. Then a solution of 2-(3-bromopropoxy)tetrahydro-2H-pyran (2.54 g, 11.4 mmol) in dry THF (10 mL) was added dropwise and the reaction mixture was allowed to warm to 23 °C slowly. After 40 h, the reaction mixture was diluted with water (5 mL) and extracted with Et 2 O (4 × 25 mL). The combined organic extracts were washed with H 2 O (5 mL) and brine (5 mL), dried over 
E. Synthesis of [(8S,E)-8-(benzyloxy)-2-phenylnon-6-en-2-yl](methyl)selane (1c E ) (S)-(But-3-yn-2-yloxy)(tert-butyl)dimethylsilane
